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High temporal stability and spin dynamics of individual nitrogen–vacancy (NV) centers in diamond crystals make them one 
of the most promising quantum emitters operating at room temperature. We demonstrate a chip-integrated cavity-coupled 
emission into propagating surface plasmon polariton (SPP) modes narrowing NV center’s broad emission bandwidth with 
enhanced coupling efficiency. The cavity resonator consists of two distributed Bragg mirrors that are built at opposite sides 
of the coupled NV emitter and are integrated with a dielectric-loaded SPP waveguide (DLSPPW), using electron-beam 
lithography of hydrogen silsesquioxane resist deposited on silver-coated silicon substrates. A quality factor of ~ 70 for the 
cavity (full width at half maximum ~ 10 nm) with full tunability of the resonance wavelength is demonstrated.  An up to 42-
fold decay rate enhancement of the spontaneous emission at the cavity resonance is achieved, indicating  high DLSPPW 
mode confinement. 
Chip-scale, bright and photostable single-photon sources are 
critical components for quantum cryptography and quantum 
information processing.1, 2 Colour centers in diamond are very 
promising candidates among different emitters that have been 
considered for quantum optical applications.2-10 The most 
prominent emitter in diamond is the nitrogen vacancy (NV) 
center, in which the negatively charged state forms a spin triplet 
in the orbital ground state, and allows for optical initialization 
and readout at room temperature.11 In addition, NV center is a 
stable single-photon source at room temperature. However, 
the resonant optical emission of an NV center at a wavelength 
of 637 nm (zero-phonon line, ZPL) is weak, being less than 4% 
of total emission even at cryogenic temperatures. The resonant 
emission is accompanied by a broad phonon sideband ranging 
from ~ 600 nm up to 800 nm at room temperature. For some 
quantum optical applications only the photons emitted in the 
ZPL are useful.12-15 To enhance and channel the emission into a 
narrow band, the environment of an emitter can be 
engineered.16-22 Regarding the emission enhancement at the 
ZPL, photonic and plasmonic cavities have been employed.21-29 
Photonic cavities are diffraction limited, and high quality factors 
(Q) of the cavity required to reach high Purcell effects ultimately 
limit the rate of emission.23, 25 Plasmonic cavities, on the other 
hand, feature only moderate Q due to absorption losses, but 
small volumes can be achieved.23, 25 Plasmonic cavities can be 
used for channelling the emission into a waveguide as well, as 
has been demonstrated with an NV center coupled to a 
plasmonic cavity fabricated around a chemically grown silver 
nanowire.30 It is however tedious and time consuming to build 
a circuitry using chemically grown silver nanowires.31 
In this work, we demonstrate a compact plasmonic 
configuration based on a broadband NV quantum emitter 
resulting in a narrow-band single-photon source with colour-
selective emission enhancement. The idea is to combine the 
surface plasmon polariton (SPP) confinement with relatively 
low insertion loss by employing a hybrid plasmonic-photonic 
waveguide-cavity design and to achieve thereby a significant 
enhancement in the decay rate of NV spontaneous emission at 
the cavity resonance. 
Deterministic placement of emitters is crucial to the integration 
of colour centers in diamond with quantum optical networks.32-
40 Recently, we demonstrated a top-down nanofabrication 
technique for precise on-chip positioning of plasmonic 
waveguide components with respect to single-photon 
emitters.41 Using this technique we are able of determining the 
in-plane NV position within ~30 nm, which provides the 
required length scale for accurate placement of an NV emitter 
inside a single-mode cavity resonator operating in the visible 
spectral range. Here, we employ the top-down fabrication of 
dielectric loaded SPP waveguides (DLSPPWs), which support 
well-confined modes with relatively low propagation loss as 
compared with other metallic plasmonic platforms,42 and 
demonstrate compact cavities that exhibit filtering abilities of 
distributed Bragg reflectors (DBRs) and modify NV-center 
emission. We define DLSPPW-based DBR-cavities by patterning 
hydrogen silsesquioxane (HSQ) e-beam resist deposited on 
silver film (Fig. 1). The DLSPPW-based DBR supports a 
fundamental SPP mode whose effective refractive index varies 
through quarter wave stack layers of air/HSQ, creating a 
number of repeated pairs of low/high refractive index needed 
to reflect the SPP mode. 
  
Fig. 1 Schematic of chip-integrated cavity-coupled NV emitter in nanodiamond (ND) .
The HSQ DLSPPW ridges have refractive index of 1.41, and 
dimensions of 250 nm in width and 180 nm in height. Fig 2a 
shows a top view image of the Bragg cavity structure. The 
transverse ridges of the DBR are 140 nm in width, 750 nm in 
length, and repeated with a period of Λ = 325 nm. The length of 
the HSQ rectangle equals one-half of the SPP wavelength 
(𝜆𝑆𝑃𝑃/2) in longitudinal direction, and the gap between HSQ 
rectangle and DBR is 185 nm. Finite difference time domain 
(FDTD) simulations (Lumerical Solutions, Inc.) indicate a 
stopband dip in the DBR transmission (Fig. 2c) and a resonant 
feature when two DBRs are built together to form a cavity (Fig. 
Fig. 2b and Fig. 2e). We used Palik’s handbook of optical 
constants for modelling of silver refractive index.43 In the 
experiment, a silicon wafer coated with a silver film of 250 nm 
thickness (via thermal evaporation in a vacuum pressure of 2E-
7 Torr, and a rate of 4 nm/s). The HSQ e-beam resist (DOW 
CORNING XR-1541-006) is then spin coated (1200 rpm, 1 min) 
to make a 180 nm film on silver layer and then the DBR and 
cavity structures are fabricated using electron-beam 
lithography (EBL). Experimental characterization of fabricated 
structures clearly shows the stopband transmission for DBR (Fig. 
2d) and exhibits a resonance peak inside the stopband in the 
cavity transmission, as predicted by the simulations (Fig. 2f).
  
Fig. 2 (a) Schematic of Bragg grating cavity (top view). (b) Simulated E-field intensity profile of the cavity at wavelengths inside the 
stopband at 760 nm (top), outside the stop band at 790 nm (middle), and on resonance at 730 nm (bottom). (c) Simulated 
transmission of the Bragg grating stopband. (d) Experimental result for the fabricated DBR. (e) Simulated transmission of the Bragg 
cavity. (f) Experimental result for the fabricated cavity. 
  
Fig. 3 (a) SEM image of the fabricated device (top), and CCD camera image of the whole structure when the ND is excited with a continuous 
wave (532nm) laser (bottom). (b) Spectrum taken from uncoupled NV center (grey), and from the coupled NV at out-of-cavity ends of A (dark 
green) and B (cyan). (c) Lifetime of the NV-center taken before (grey) and after (red) coupling. (d) Autocorrelation of NV center before (grey) 
and after (red) coupling. (e) Cross-correlation between out-of-cavity end A and NV center in ND. 
NV-centers can be incorporated into the cavity resonators 
whose resonant wavelength can be selected by appropriately 
tuning the grating period of DBRs. In the experiment, a silicon 
wafer coated with a silver film of 250 nm thickness, on which 
gold markers are made, and subsequently, nanodiamonds 
(Microdiamant MSY 0-50 nm GAF) are spin coated. The sample 
with dispersed nanodiamonds is characterized by scanning in a 
fluorescence confocal microscope and lifetime, spectrum and 
autocorrelation measurements are taken for NV-centers 
contained in nanodiamonds. The HSQ e-beam resist is then spin 
coated and the waveguide-cavity structure is fabricated using 
EBL onto the nanodiamond, which is found to be a single-
photon emitter. An SEM image of the fabricated waveguide-
cavity system is illustrated in Fig. 3a (top). Charge-coupled 
device (CCD) camera image shows the coupling of the emitter 
to the DLSPPW structure, and subsequent emission from the 
gratings at the two ends (Fig. 3a, bottom). The antibunching dip 
in the second-order autocorrelation function of the NV-center 
is observed both before (grey) and after (red) fabrication of the 
waveguide (Fig 3d), indicating a single-photon emission 
(𝑔2(0)<0.5). Cross-correlation between the SPP-coupled 
emission at the out-of-cavity end A, and the emission collected 
directly from the NV indicates that the outcoupled fluorescence 
at the end originates from the same NV center (Fig. 3e). The 
experimental correlation data are fitted using a well-established 
model.44  
Figure 3b shows the emission spectrum of the NV-center taken 
before (grey line) and after coupling (red line), as well as the 
spectrum of the out-coupled light from the grating ends of A 
and B (out-of-cavity ends). The fluorescence spectra from the 
ends show significant modifications that can be related to the 
transmission spectrum features of the device. This gives a Q 
factor of ~70 for the fabricated cavity (~10 nm full width at half 
maximum, FWHM). The emission intensity at the cavity 
resonance, Ir, is notably higher (by ~ 2.5 times) than the 
intensity outside of the stopband Iout. Compared with the 
transmitted intensity on resonance, Tr, measured by the 
supercontinuum laser, and that outside of the stop band, Tout, 
this gives a 6±1 fold radiative decay rate enhancement due to 
the cavity on resonance (Γr) using Γr = (Ir/Iout)( Tout/Tr), 
where Ir, and Iout are normalized with the baseline 
fluorescence emission of the NV-center.30 
In Figure 2c, lifetime of the NV-center before and after coupling 
is presented. A lifetime reduction (from ~10 ns to ~3 ns) is 
observed with a single exponential tail fitting of the measured 
data. On average, the lifetime is decreased by a factor of 
~2.5±0.5 that, in addition to the 2-fold reduction due to the 
silver surface, gives a factor of ~5±1 for the overall Purcell 
enhancement of a broadband NV emitter coupled to the 
waveguide (Γtot/Γ0). This broadband enhancement combined 
with the narrowband enhancement results in the overall decay 
rate enhancement (Γ = Γ𝑟Γtot/Γ0) being as high as 42 at the 
cavity resonance peak.  
  
 
 Fig 4. (a) Simulated plasmonic decay rate (Γpl/Γ0) distribution profile for the DLSPPW coupled NV center. Inset shows the cross 
section of the NV-center inside the DLSPP waveguide. (b) Distribution profile of the total decay rate (Γtot/Γ0) for a random 
distribution of NV-center inside a ND, and (c) the corresponding β-factor (Γpl/Γtot), where each colored square represents the 
central value of the corresponding in-plane NV position.  
In simulations, we decompose the overall decay rate on cavity 
resonance into two components associated with the 
longitudinal and transverse confinements. The SPP propagation 
length (LSPP) at the cavity resonance wavelength  can be 
obtained from the relation LSPP = 𝑄𝜆𝑆𝑃𝑃/2𝜋, in which 𝜆𝑆𝑃𝑃  is 
the effective SPP wavelength.30 We calculate Q factor from 
FDTD simulations, and 𝜆𝑆𝑃𝑃  from the effective mode index using 
finite-element modeling (FEM) method,45 and thereby LSPP  is 
deduced to be ~ 7.5 µm. This length is less than the value of 
20±5 µm estimated for the DLSPPW propagation length,41 due 
to the presence of the quarter wave stack in the longitudinal 
direction of the proposed cavity structure.  The longitudinal 
enhancement (Γlong) of the plasmonic cavity is then given by  
LSPP/Leff, where Leff is the effective cavity length  and  can be 
obtained from the effective mode volume (~ 0.05 𝜆𝑆𝑃𝑃
3) and 
the effective area of the SPP mode (~0.025 𝜆𝑆𝑃𝑃
2).30  This gives 
the longitudinal enhancement to be 6±1 (the number of 
roundtrips of a single plasmon in the cavity).  
  
Fig. 5 Tunable narrowband Bragg grating cavity. (a) Simulated transmission of stopband, and (b) cavity. Experimental results for 
the cavity-coupled NVˉ emitter at ZPL (c), at NVˉ emission peak (d), and into the zero-phonon line of SiV centers (e).
 
  
 
 
We calculate the enhancement associated with the transverse 
confinement (Γtrans) by simulating the total decay rate (Γtot/Γ0) 
as explained elsewhere41 and obtain a value in the range of 4-
7.5 for the transverse enhancement using Γtrans = Γtot/(Γ0), 
corresponding to the height and lateral position of NV-center 
(Fig. 4b). Combining these two factors (Γ = Γ𝑙𝑜𝑛𝑔Γ𝑡𝑟𝑎𝑛𝑠), we end 
up with an up to 52-fold overall decay rate enhancement at the 
cavity resonance. Simulated plasmonic decay rate 
enhancement (Γpl/Γ0, Fig. 4a) and total decay rate (Γtot/Γ0, Fig. 
4b) indicate an up to 63% coupling efficiency (β-factor, Fig. 4c) 
for the NV-DLSPPW hybrid system, which is in good agreement 
with the measured value β ~ 58%, as previously reported.41 
Full tunability of the stopband and cavity over the entire 
emission range of NV-center is ensured by varying the 
periodicity of the DBR as predicted in simulated transmissions 
(Fig. 5a and 5b). We design the quarter wave stack period to 
have resonance in our desired wavelengths including the zero-
phonon line of NVˉ (𝜆=637 nm, Fig. c), NVˉ emission peak 
((𝜆=680 nm, Fig. d), and the zero-phonon line of silicon-vacancy 
(SiV) centers (𝜆=738 nm, Fig. e). Emission into the ZPL is 
important for photon-mediated entanglement of internal 
quantum states of multiple emitters. The proposed cavity-
coupled system gives us an opportunity to enhance the 
emission properties of other colour centers in diamond, and in 
particular narrow-band germanium-vacancy (GeV, 𝜆𝑍𝑃𝐿=602 
nm) and SiV centers to achieve even larger Purcell-
enhancement. 
In conclusion, we have presented a DLSPPW-based cavity 
coupled to a diamond-based NV emitter, achieving an up to 42-
fold decay rate enhancement of spontaneous emission at the 
cavity resonance. The plasmonic configuration described 
features enhanced total decay rate and improved spectral 
purity of the coupled NV emitter, promising thereby potential 
applications in on-chip realization of quantum-optical networks. 
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